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ABSTRACT
Urine comprises around 1% of domestic sewage volume but holds 80% of total nitrogen.
Source separation is a sustainable way to wastewater management than traditional way due to
low energy cost and preventing certain pollutants into wastewater treatment plants. Currently,
removing and recovering nitrogen from source-separated urine has attracted more and more
interests. Of them, ion exchange was used for removal and recovery of nitrogen in the form of
ammonia from synthetic urine for potential application as a fertilizer in agriculture. No previous
research studies were conducted to investigate the removal and recovery of nitrogen from
hydrolyzed urine by ion exchange using POPs (porous organic polymers). So this study focused
on evaluating the performance of POPs and comparing with clinoptilolite in synthetic hydrolyzed
urine in terms of adsorption capacity (isotherm), adsorption rate (kinetics), regeneration rate, and
cost. The ammonium removal from hydrolyzed urine using POPs was rapid with a high capacity
of 68.03 mg/g than clinoptilolite (15.36 mg/g), and the regeneration efficiency of clinoptilolite
and POPs can achieve 91% and 95.3%, respectively based single time use result. Although POPs
had the better performance at one time use and multiple times use, it also had high materials cost.
Additionally, the capacity of POP was estimated using the integrated ion exchange regeneration
process model as 30.24 mg/g and 28.65 mg/g on cycle 10 and cycle 24, respectively. The
regeneration efficiency of POPs was predicated as 45.4% and 38.4% in cycle 10 and cycle 24,
respectively. The predicted capacity decreased with the number of cycles, but remained at about
55% of virgin POPs after 24 cycles, indicating POPs can maintain good performance after
multiple reuses than clinoptilolite.

vii

CHAPTER 1: INTRODUCTION
Water is needed for most human activities and becomes wastewater after its use. With the
growing world population, water demand and wastewater production have continuously
increased. However, wastewater can be viewed as a valuable resource to produce high quality
water, biofuel, and natural gas (Ganrot et al., 1994). Particularly, nutrients, if recovered, can be
used as fertilizer supporting the survival and growth of plants and crops (Bruulsema et al., 2004).
For example, nitrogen is necessary micronutrient for organisms and nitrogen fertilizer is used to
increase crop production due to its favorable solubility and bioavailability. On the other hand, if
nitrogen is not recovered but released to the environment, its accumulation leads to
eutrophication, algae blooms, and depletion of dissolved oxygen, all of which are harmful to
aquatic life (Howarth & Marino, 2006). Such adverse effects of nitrogen have promoted the
improvement of different technologies for its removal and recovery from wastewater, such as ion
exchange, bioelectrochemical systems, ammonia stripping and membrane separation. Figure 1.1
shows the closed loop nitrogen management including nitrogen removal and recovery processes.
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Figure 1.1: Schematic diagram of the nitrogen removal and recovery from human excretion using
current methods and the recovered products used in agriculture.
It is noteworthy that human urine comprises about 1% of the domestic sewage by volume;
however, it accounts for as high as 80% of total nitrogen (O'Neal & Boyer, 2013) in domestic
water. High nutrient concentration in undiluted urine has rendered greater possibilities to
recovery nutrients more effectively. Accordingly, source separation urine may be a sustainable
way for concentrating these valuable nutrients and recovering nutrients. Various European
scholars have devoted themselves to use the urine source separation systems as alternatives to
traditional wastewater collection since the end of the 20th century (e.g. Hellström & Johansson,
1999). In such systems, feces and urine are collected separately, facilitating nutrient recycling
with a small volume of wastewater. Compared with the end-of-pipe technology, the source
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separation technology has several distinct advantages, including improved nutrient removal
performance of wastewater treatment plants and reduced energy consumption (Maurer et al.,
2006). Additionally, source-separation systems contribute to preventing certain pollutants into
wastewater treatment systems, such as pharmaceutics and hormones in urine (Larsen et al., 2001).
Currently, more and more countries are engaging in urine separation. For instance, the “NoMix”
toilet in Sweden is equipped with a urinal in the front half part, which allows the urine to flow
through to a storage tank (Hellström & Johansson, 1999). However, some challenges should be
overcome to ensure the sustainability of the source separation system. One major problem is that
phosphate precipitates can block the urine drainage system. Some problems remain to be solved;
nevertheless, it cannot be denied that source separation urine can contribute to improving the
removal performance and reducing the energy cost of wastewater treatment plants.
Many technologies are available for nitrogen removal and recovery from source
separation urine as shown in Table 1.1, such as ammonia stripping, electrochemical technology,
magnesium ammonium phosphate precipitation, and ion exchange. Of them, ion exchange
displays some advantages compared with other options, which can be attributable to its high
capacity and removal efficiency, fast reaction rate, and the ability of regeneration and reuse of
ion exchange resin. Ion exchange is a reversible process, which change same charged ions
between ion exchange resin (solid phase) and solution (liquid phase) (Jorgensen & Weatherley,
2003).
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Table 1.1: A summary of urine treatment technologies.
Treatment options
Ammonia
stripping

Electrochemical
technologies

Magnesium
ammonium
phosphate
precipitation

Ion exchange

Basic Process
Description

Advantages

Physicochemical
process which is
based on mass
transfer of NH3 of a
liquid phase into
gas phases.

•
•

These reactions are
interconversion of
electricity and
chemicals in the
solution through
reactions at
between electrode
and electrolyte.

•

Removal and
recovery of
NH4+and PO43- to
crystallization
through chemical
precipitation.

•
•
•

Ion exchange is a
reversible process,
which exchange
same charged ions
between resin and
solution.

•
•
•

Simple;
Low initial and
operating cost.

Disadvantages
•
•
•

•

Separates
nutrients from
micropollutants;
High removal
efficiency.

•

Simple;
low-energy;
Separates
nutrients from
micropollutants.

•

•

•
•

•
•

Simple;
Low-energy;
Fast uptake
kinetics;
High removal
efficiency;
Regeneration.

•

•

Pumping and air
stripping tower are
required;
Need high
temperature;
Chemical addition
to adjust pH.
Heavy metal
contamination;
Membrane
fouling.

Liquid product
containing
micropollutants;
Expensive
chemical cost;
The performance
of recovery PO43better than NH4+
Possible
uptake/release of
organic
micropollutants;
Some ion
exchange rein are
expensive.

There have been few studies on the use of ion exchange adsorbents to remove and
recover nitrogen from human urine (Tarpeh et al., 2017; Jorgensen, 2002). Most previous studies
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have focused on nitrogen removal and recovery using natural zeolite, but the low adsorption
capacities are the greatest weaknesses. Only Tarpeh et al. (2017) compared the performance of
zeolite, biochar and synthetic ion exchange resins (Dowex 50 and Dowex Mac 3) for nitrogen
removal from source-separated urine. They found Dowex Mac 3 had the best removal efficiency,
but clinoptilolite and biochar had the lower material costs ($/g N removed) based on one cycle
column regeneration test. It is still no study of the long-term performance of synthetic ion
exchange resin with clinoptilolite over multiple ion exchange-regeneration cycles.
Recently, functional porous organic polymers (POPs) from the synthesis of porous
polyvinyl materials have been used in various environmental applications. The functional POPs
addressed the challenge in materials design and synthesis in achieving the balance between
performance and cost for the real-world application (Aguila et al., 2017). In the study of Aguila
et al. (2017), the POP synthesized using simple free radical polymerization techniques is a costeffective material with a high density of chelating sites designed for mercury capture and
therefore environmental remediation. In addition, the material has the added benefits of
recyclability, stability in a broad pH range, and selectivity for toxic metals and nutrients. These
results are attributed to the material’s physical properties, which include hierarchical porosity, a
high density of chelating sites, tunable pore size, high surface area, and chemical stability
(Aguila et al., 2017). The promising results suggest that POPs can potentially be used as an
economically viable material for nutrient recovery. To date, there is no study that focused on the
feasibility of POPs for NH4+-N removal and recovery from source separated urine.
This thesis, therefore, aims to evaluate the feasibility of POPs for NH4+-N recovery from
urine by comparing its performance with natural zeolites (clinoptilolite). Specifically, four
parameters will be examined to evaluate the feasibility: adsorption capacity, adsorption rate,
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regeneration rate and cost. Adsorption capacity is the amount of NH4+-N can be adsorbed before
regeneration is required. Regeneration potential is related to adsorbent regeneration efficiency and
NH4+-N recovery, and how much NH4+-N can be recovered. To compare these two materials, the
following specific research objectives are evaluated in this thesis:
•

To compare NH4+-N removal and recovery efficiency between POPs and nature zeolites
(clinoptilolite) in terms of adsorption capacity (isotherm), adsorption rate (kinetics),
regeneration rate, and cost.

•

To predict the performance of POPs in terms of recovering nitrogen from urine over multiple
adsorption-desorption cycles.
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CHAPTER 2: LITERATURE REVIEW
Multiple processes have been developed to remove and recover NH4+ from wastewater.
In this chapter, literature regarding the existing methods for NH4+ removal and recovery from
urine is reviewed, including ammonia stripping, electrochemical technologies, magnesium
ammonium phosphate (MAP) precipitation, and ion exchange. Among these methods, ion
exchange is high capacity and removal efficiency, fast reaction rate, and the ability of
regeneration (Karapınar, 2009; Sarioglu, 2005; Malovanyy et al., 2013), small space
requirements, and simple application and operation (Du et al., 2005). In this chapter, the existing
technologies for NH4+ removal and recovery from urine are explored to justify the
competitiveness of ion exchange over other existing technologies. Therefore, this review mainly
focuses on ion exchange and the corresponding media are summarized.
2.1 Ammonia Stripping
Air stripping which is based on mass transfer of NH3 of a liquid phase into gas phases,
according to Equation 1 (Aiyuk et al., 2004). It is the most common process utilized in
wastewater treatment to remove and recover nitrogen. Ammonium ions (NH4+) will be easily
converted to ammonia (NH3) gas with a pKa of 9.3 for ammonium/ammonia equilibrium. In
ammonia air stripping processes, lime or caustic soda is typically used to increase pH up to 10.811.5.
"#$% + '#( → "#* + + #, '

(1)

In order to improve NH4+ removal efficiency, an air stripping tower is needed to provide
a large mass transfer area (Sengupta et al., 2015). Several factor can influence the performance
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of ammonia air stripping, such as the ammonia concentration of the wastewater, hydraulic
loading, air flow rate, packing depth, water temperature, water distribution uniformity, etc.
However, the most important parameters are the pH and temperature (Guo et al., 2010; Guštin &
Marinšek-Logar, 2011).
Başakçilardan-Kabakci et al. (2007) had stripped ammonia with air in a batch system in
their laboratory experiment, in which ammonia was subsequently absorbed in sulfuric acid
solution, yielding an estimated ammonia recovery of 97%. It can be concluded based on these
experiments that stripping and absorption is an effective means to recover NH4+ from urine.
Importantly, the end product, namely, ammonia sulfate solution, can be directly applied as
fertilizer. However, about 8-10% NH4+ will be lost if converted to crystalline form, which is
ammonium sulfate ((NH4)2SO4), a well-known fertilizer. Additionally, Behrendt et al. (2002)
also employed batch experiments to design an ammonia stripping unit for recovering nitrogen
from urine. Results also indicate that the ammonia stripping and absorption unit has small size
compared with conventional wastewater treatment plants with nitrogen removal (Behrendt et al.,
2002).
Although air stripping is a mature technology with high removal efficiency and relatively
low cost, it has some limitations. First, air stripping is easy to produce scaling and fouling in
reaction tower (Norddahl et al., 2006). Second, air stripping is not efficient for large systems,
such as municipal wastewater treatment plants due to substantial amounts of air supply and
chemicals for pH adjustment (Deng, 2014). Therefore, ammonia stripping is more suitable for
medium-sized reactors that serve several hundred people than for small reactors (Siegrist et al.,
2013), or if pre-treatment can concentrate diluted ammonium (~30 mg N/L) in the wastewater, to
reduce the amounts of air and chemicals needed in air stripping. Details regarding such processes
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are readily available, and the operation is relatively simple under the premise of controlled
temperature and pH.
Air out

Stripping
tower
Air in

Treated
Effluent

Ammonia-rich
wastewater
Pump

Figure 2.1: Simple process diagram of ammonia stripping.
2.2 Electrodialysis Technologies
Electrodialysis, which is driven by an electrical field between electrodes, is adopted to
selectively extract salts from wastewater by virtue of the ion exchange membranes made of
functionalized polymers (Figure 2.2) (Maurer et al., 2006). To be specific, cations and anions
move toward the same charge through the cation-exchange membranes (CEM) and anionexchange membranes (AEM), respectively (Mehta et al., 2015).
Boller (2013) reported that “NoMix” toilets were used to separate urine at the Liestal
Public Library in Switzerland, while the urine was subsequently processed by means of
electrodialysis and ozonation. Using such method, N and P could be almost completely separated
in a liquid fertilizer called “Revit” after electrodialysis, whereas ozonation would then aid in
almost the complete removal of micropollutants. The final product contained up to 12 mg/L, 0.6
g/L, and 5.6 g/L of N, P and K, respectively, which performed almost equally to the commercial
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ammonium

nitrate

fertilizer.

Additionally,

approximately

90%

of

the

investigated

pharmaceuticals and hormones can be removed according to reports (Pronk et al., 2007).
However, high energy cost, membrane fouling, and heavy metal contamination is an important
issue for electrodialysis technologies (Deng, 2014).

Ammonia-rich wastewater

Concentrate
stream

Anion
exchange
membrane

Cation
exchange
membrane

Purified
stream

Concentrate
stream

Figure 2.2: Simple process diagram of electrodialysis technologies.
2.3 Magnesium Ammonium Phosphate (MAP) Precipitation
MAP precipitation is a method for precipitating N and P to produce the MAP
(MgNH$ PO$ ∙ 6H, O) as the slow-release fertilizer. MAP precipitates with three chemical species,
magnesium, ammonium, and phosphate, in 1:1:1 molar ratio, depending on the following
10

Equation 2, which can take place under the optimal conditions of pH=9 and 25°C (Triger et al.,
2012).
5+,% + 6'$*( + "#$% + 6#, 0 → 5+"#$ 6'$ ∙ 6#, ' ↓

(2)

MAP precipitation has aroused increasing interest from researchers due to its economy,
simplicity and usefulness, which is associated with the following major advantages: (i) it can
recycle a majority of phosphorus and part of ammonia nitrogen in urine (Zamora et al., 2017); (ii)
the product is almost free of most organic micropollutants and traces of heavy metals, meaning it
can be used as fertilizer in agriculture (Zamora et al., 2017); (iii) no pH adjustment is needed for
the hydrolyzed urine (9-9.5), which is in the optimal range for MAP precipitation as mentioned
above. Furthermore, urine is equipped with promising NH4+/NH3 buffering capacity, which
guarantees that the pH value will not fluctuate greatly (Ronteltap, 2009).
Recently, its application indirectly recovering nutrients from urine has attracted extensive
attention. For example, Nuray et al. (2006) showed that up to 95% of N could be removed from
diluted and undiluted urine using struvite precipitation at pH ≥9. In addition, Kabdasli et al.
(2006) had obtained the similar N removal efficiency from the enzyme-hydrolyzed urine. The
use of struvite as a solid fertilizer has great potential use of nutrients in urine, which can be
easily stored and transported (Etter et al., 2011). Furthermore, the concentrations of heavy metals
and pharmaceuticals are lower in crystallization than those in urine (O'Neal & Boyer, 2015;
Kemacheevakul et al., 2014).
The recovery efficiencies of nitrogen and phosphorous from hydrolyzed human urine
during the MAP process are higher than 95%, and the best molar ratio was Mg: N: P=1.3:1:1
(Jia, 2014). Higher recovery efficiencies of N and P can be obtained during the MAP
precipitation process through the external addition of phosphate and magnesium salts. However,
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such process is associated with numerous disadvantages, including inconvenient operation,
difficulty in practice, and high operating expenses. Accordingly, the MAP is more suitable for
removal and recovery of high phosphorous content rather nitrogen in wastewater (Liu et al.,
2008).
2.4 Ion Exchange
Ion exchange is a reversible process, which exchange the same charged ions between
resin phase and solution phase. Ion exchange most widely used for water softening. In a cation
and anion exchange process, the positively charged ions and negatively charged ion in solution
will exchange with the ions of the same charge on the surface of a resin (Sharifnia et al., 2016).
Figure 2.3 shows an example of the ion exchange process, in which sodium chloride is removed
from the solution.
H+

Na+

Na+

Cationic
resin

Cationic
resin

OH

Cl-

Cl-

-

Anionic
resin

H+

OH-

Anionic
resin

Figure 2.3: Simple process diagram for ion exchange.
The exchange adsorbents mainly have materials (zeolites) or a synthetic resin. Ion
exchange resins are constituted with the similar organic polymers; however the different
functional groups are connected with the polymers (Sharifnia et al., 2016). When the capacity of

12

the resin is depleted, NaCl solution is used to regenerate the resin to renew the capacity of the
resin and restore the resin to its initial performance (Sharifnia et al., 2016).
Ion exchange processes can be operated in a batch or continuous mode, but is typically
implemented in a continuous mode in most water/wastewater treatment facilities. When the resin
capacity is exhausted, it changes to regenerate (Sharifnia et al., 2016). The loaded zeolite is used
as slow-release fertilizers in agriculture (Alshameri et al., 2014). There are some other
regeneration methods, for example, acid regeneration (Malovanyy et al., 2013), heating
regeneration (Li et al., 2011), and biological regeneration (Green et al., 1996).
The relatively lower price, simple operation, and high removal efficiency make natural
zeolite more competitive with other nitrogen recovery methods (e.g., struvite and air stripping)
from wastewater. However, the disadvantage of natural zeolite ion exchange is the chemical
regeneration required after zeolite is saturated by ammonium ion exchange (Ashrafizadech &
Khorasani, 2010). High regeneration costs for chemicals (e.g., NaCl) will mitigate the merits of
zeolite for nitrogen removal and recovery. The two factors can substantially increase operating
and maintenance costs for zeolite processes. For these reasons, zeolite processes would be viable
for nitrogen removal and recovery when the two limitations (cost-effective regeneration and
reliable function of reutilized zeolite) are addressed. To fully understand the features of zeolite
and ion exchange resin as nitrogen recovery materials, the following sections will discuss the
removal and recovery efficiency between synthetic ion exchange resin and nature zeolites,
chemical regeneration and cost.
2.5 Existing Type of Ion Exchange Adsorbents
Ion exchange adsorbents can be classified into two categories, namely, inorganic and
organic ion exchange adsorbents. Of them, the inorganic ones are mainly zeolite (natural zeolite
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and synthetic zeolite), whereas the organic ones include sulfonated coal and ion exchange resin.
Sulfonated coal is the product of coal sulfonated with concentrated sulfuric acid, which is also a
cation exchange agent containing sulfonic acid groups, carboxyl groups, and phenolic hydroxyl
groups. Sulfonated coal is cheap in price, but its performance varies depending on the coal
content. In addition, its exchange capacity is low, and the maximum heat resistance temperature
is lower than 104℉ (40℃). It is used for boiler softening to remove Ca+ and Mg+ (Bauman &
Eichhorn,1947).
2.5.1 Zeolite
Most studies demonstrating the ammonium removal efficiency of zeolites have been used
clinoptilolite and chabazite, due to its high affinity for ammonium nitrogen. Zeolite has a porous
structure, which can provide different cations, such as Mg2+, K+, Ca2+, and Na+. These cations
are easily exchanged for others in a contact solution. Among them, analcime, chabazite,
clinoptilolite, and stilbite are the common mineral zeolites. The general formula of a zeolite is
M;,/= O ∙ Al, O* ∙ xSiO, ∙ yH, O, where Me represents alkali or alkaline earth atom, n represents
the charge on that atom, x stands for the number of SiO2 that varies from 2 to 10, and y indicates
the number of water molecules ranging from 2 to 7 (Chester & Derouane, 2009). Ion exchange
by natural zeolite is more competitive than other ammonium removal methods because of its
cost-effectiveness in operation and maintenance, as described above. Previous studies concerning
ion exchange with NH4+ removal from urine are summarized in Table 2.1. As is reported, 6487.5% nitrogen in urine can be recovered by means of zeolite adsorption (Maurer et al.,2006).
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Table 2.1: A summary of NH4+ recovery from urine with zeolite adsorption.
Zeolite

Zeolite
content

Maximum
adsorption
capacity
(mg/g)

Removal
efficiency
(%)

pH

Clinoptilolite

Mád, Tokay
hills,Hungary

NA

87.5

Clinoptilolite

Mád, Tokay
hills,Hungary

4.5

Clinoptilolite

Mád, Tokay
hills,Hungary
Bigadic,
Turkey.

Bigadic,
Turkey.

Clinoptilolite

Clinoptilolite

Conditions

Reference

Zeolite
dosage
(g/L)

Contact
time (h)

Temperature

7.5

Initial
nitrogen
concentration
(mg/L)
8000

15

72

20°C

50~60

5.8~6.2

15000

50, 100,
200

72

NA

60

9.2~9.5

3000

72

34

84

NA

63

274~444 for
fresh urine,
4727 – 5723
for stored
urine
91

72

9.73

5.8~6.4 for
fresh urine,
8.9~9.3 for
stored
urine
13

50, 100,
200
400

20°C at
daytime and
16°C at
nighttime
20°C

NA

24

NA

15

Ban &
Dave,
2014
Ganrot et
al., 2007 a
Ganrot et
al., 2007 b
Baykal et
al., 2009

Baykal et
al., 2004

2.5.1.1 Zeolite Type
Most of the zeolites are natural basaltic rocks. Natural zeolites, for example, clinoptilolite
and chabazite, have been applied in various areas, including water treatment and fertilizer. Of
them, clinoptilolite has achieved high removal efficiency of ammonium with human urine (Lind
et al., 2000), and been recognized for its application as fertilizer in agriculture. The physical
characteristics and prices of important zeolites that can be employed in ammonium removal from
wastewater are listed in Table 2.2 (Pond & Mumpton, 1984; Chiayvareesajja & Boyd, 1993). As
the table shown, the capacity of nature zeolite is less than 34 mg NH4+-N/g. Moreover, the prices
of natural zeolites mainly range from 17 $/kg to 29 $/kg.
Table 2.2: Comparison of current types of zeolites.
Zeolite

Representative formula

Channel/pore
diameter (A)

Specific
gravity

Thermal
stability

Capacity
(mg /g)

Price
($/kg)

Analcime

Na2(Al16Si32O96)16H2O

2.3–2.6

2.24–
2.29

High

4.54

17

Chabazite

(Na2Ca)6(Al12Si24O72)40H2O

3.7–4.2

High

3.84

17

Clinoptilolite

(Na3K3)(Al6Si30O72)24H2O

3.9–5.4

2.05–
2.10
2.16

High

2.16

28.49

Erionite

(Na2,K2,Ca)2Al4Si14O36·15H2O

3.6–5.2

2.02–
2.08

High

3.12

-

Heulandite

Ca4(Al8Si28O72)24H2O

3.5

NA

Low

32.91

106

Laumontite

Ca4(Al8Si16O48)16H2O

4.6–6.0

2.20–
2.30

Low

4.25

-

Mordenite

Na8(Al8Si40O96)24H2O

2.6–5.7

High

2.29

19

Phillipsite

(Na,K)5(Al5Si11O32)20H2O

4.2–4.4

2.12–
2.15
2.2

Medium

3.32

39

*NA=Not Available
2.5.1.2 Particle Size
There are several determinants regarding the ion exchange behavior of natural zeolites,
which are the structure, particle size, ionic charge, and concentration of external electrolyte
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solution (Wang & Peng, 2010; Kalló, 2001). Among them, the particle size is the most important
physical property of common zeolites (Jakubinek, 2007).
The previous study has found that small size particles have better performance than large
size particles due to the surface area for mass transfer (Xu & Zhou, 2003). Similarly, Marking
and Bills (1982) had observed a lower cation exchange capacity of 5.37 mg/g for larger granules,
and 8 mg/g for smaller granules. Additionally, Jorgensen and Weatherley (2003) also found that
the adsorption amount by clinoptilolite had remarkably increased with the decrease in particle
diameter. Hlavay et al. (1982) had investigated the effect of particle sizes at the intervals of 0.5–
1.0, 0.3–1.6, and 1.6–4.0 mm. Their results suggested that the smallest fraction had given rise to
the highest cation exchange capacity. However, the head loss in zeolite-packed columns had
increased with the decrease in grain sizes. In addition, Hlavay et al. (1982) recommended the
minimum particle size of 0.4–0.5 mm to guarantee high cation exchange capacity of natural
zeolites and low head loss in zeolite-packed columns. Thus, the range of size of natural zeolites
must be optimized for target wastewater (such as the concentration of suspended solids) and flow
rate of wastewater to zeolite-packed columns.
2.5.1.3 pH
pH has evidently affected the exchange of ammonium ions in the zeolite. Specifically,
protons will compete with NH4+ for the exchangeable sites of zeolite at low pH. In comparison,
the concentration gradient of ammonium ions between bulk liquid and zeolite has decreased at
high pH, which can be ascribed to the NH4+ loss in the form of NH3 gas. Koon and Kaufman
(1975) concluded in their research that, pH 4-8 was the optimum pH conditions for ammonium
ion exchange, with the highest ammonium removal efficiency being observed at pH 6. However,
a pH of over 9 would result in a sharp decrease in capacity, because of the formation of dissolved
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ammonia (the pKa of NH4+ ion is 9.3). Possibly, the natural zeolite may be partially dissolved at
low pH, which subsequently changes its physical properties, leading to seriously declined cation
exchange capacity (Hedström, 2001). Therefore, a neutral pH will be optimum for the exchange
process between zeolite and bulk liquid.
2.5.1.4 Chemical Regeneration
Chemical regeneration aims to replace the ammonium ions from zeolite with other
monovalent cations such as Na+, which has equipped the exhausted zeolite with exchangeable
sites for ammonium ions again. Specifically, chemical regeneration is often conducted based on
the following reaction using NaCl (Equation 3):
"#$ − & + "() + *+ , = "( − & + "#$) + *+ ,

(3)

Usually the molar ratio of Na+ to NH4+ of 1:1 is required in chemical regeneration;
however, a larger concentration of sodium ion is essential to accelerate the rate of regeneration
reaction. Notably, fast kinetics is preferred to decrease the system footprint; as a result, high
NaCl concentration is employed in the field. However, high NaCl concentration during chemical
regeneration will add to the operating and maintenance expenses. Consequently, the dose of
NaCl should be optimized to meet the requirements of footprint and operating expenses (Deng,
2014).
As is shown, sodium chloride in a range of 0.17~1 M NaCl has been adopted in previous
studies (Hlavay et al., 1982; Semmens et al., 1978; Liberti et al., 1981; Demir et al., 2002) for
chemical regeneration. Meanwhile, the volume of NaCl brine needed varied from 10-35 bed
volume (BV) to satisfy the regeneration of the exhausted zeolite, which is dependent on NaCl
concentration in the brine. Notably, high regeneration efficiency of over 95% can be achieved in
most studies using 0.2 M NaCl for chemical regeneration. However, no quantitative information
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on the NaCl dose is available. Liberti et al. (1981) reported that 20 BV of 0.6 M regeneration
brine is required at the pH of 7 for chemical regeneration, and almost 100% ammonium nitrogen
was regenerated under such condition. In addition, Semmens (1978) found that 12 to 20 BV
brine at a neutral pH was needed in chemical regeneration using 0.3 M NaCl. In 2004, Rahmani
et al. (2009) reported that 20 BV brine at the pH of 7 was required for chemical regeneration
using 0.3 M NaCl; meanwhile, the volume of brine could be reduced to 15 BV when NaCl
concentration had increased to 1 M. Notably, Rahmani et al. (2009) had achieved the maximum
regeneration efficiency in their study, which ranged from 95% to 98%. In conclusion, the
optimal NaCl concentration for chemical regeneration should be within the range of 0.3-1 M,
while the volume of regeneration brine should be optimized as 10 to 20 BV for achieving
satisfactory regeneration efficiency. Other parameters potentially influencing the performance of
chemical regeneration, such as flow rate and pH, have also been investigated in previous studies.
Regeneration efficiency of exhausted zeolite, the concentration of regeneration brine, and other
parameters for chemical regeneration have been provided in Table 2.3.
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Table 2.3: A summary of parameters for the chemical regeneration of zeolite.

Parameter

Koon &
Kaufmann
(1975)

Hlavay et al.
(1982)

Cooney
et al.
(1999)

Demir et al.
(2002)

Rahmani et
al. (2004)

Mario et al.
(2010)

Zeolite type

Clinoptilolite

Clinoptilolite

-

Clinoptilolite

Clinoptilolite

Clinoptilolite

Grain size of
zeolite (mm)

0.84–0.3

-

-

0.25-1.0

0.42,0.60,
0.84

< 0.63

Regenerant

NaCl

NaCl

NaCl

NaCl

NaCl

Modified
zeolite with
NaCl

Regenerant
concentration
(M)

0.21-0.34

0.34

0.6

0.17 and
0.34

0.3- 1

2

15

5- 7.5

1~2

16 and 25

10

-

10-20

10-20

20

25 and 35

15-20

-

Regeneration
pH

11.5-12

12.3

10

12.3

7

6.15~6.25

Regeneration
efficiency
(%)

100%

98.4-99.2%

-

-

95-98%

99 -100

Regeneration
flow (BV/h)
Regenerant
volume
needed (BV)

2.5.2 Ion Exchange Resin
Ion exchange resin is a polymer compound, and it contains a functional group and has a
network structure. It is insoluble and consists of the three-part unit structure, including the
functional groups attaching to the skeleton, the insoluble three-dimensional network skeleton and
the opposite charge of the functional group with exchangeable ions. The exchangeable ions of
the ion exchange resin should be controlled, so that the exchange takes place among ions of the
same type to achieve different purposes. The carrier or skeleton is a cross-linked polymer; as a
result, the general acid, alkali solution and many organic solvents cannot be dissolved, nor can
they be melted. Specifically, the commonly used ion exchange resin generally beads spherical
particles, with the particle diameter of about 0.3-1.2 mm (Querol et al., 2002). Ion exchange
resin is first applied in wastewater treatment due to its characteristics such as physical and
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chemical stability, favorable adsorption selectivity, easy reproduction, and reusability (Barbaro
& Liguori, 2008).
2.5.2.1 Classification of Current Ion Exchange Resin
Ion exchange resin has two types based on its physical structure: gel-type ion exchange
resin and macroporous ion exchange resin. Of them, the gel-type resin refers to a transparent ion
exchange resin with a homogeneous polymer gel structure but no pores in the resin pellets. The
performance of the synthesized resin is largely affected by the amount of cross-linking agent.
Such type of ion exchange resin is more used in the treatment of inorganic ions, which has the
relatively small diameter of about 0.3-0.6 nm. However, it cannot be used for large-scale
processing of macromolecular organic matter (Barbaro & Liguori, 2008). In contrast, the
macroporous ion exchange resin is an ion exchange resin with a capillary structure inside the
resin pellets. Generally, macroporous resin, which has relatively large molecular size, their
surface area may reach 500 m2/g or higher (Wang & Wang, 2006). Specifically, the ion exchange
rate of macroporous resin is 10-fold faster than that of gel-type resin. In addition, the
macroporous resin also has a variety of characteristics, such as resistance to swelling, abrasion
resistance, oxidation resistance, heat resistance, temperature resistance and easy exchange of
macromolecular organic matter (Barbaro & Liguori, 2008).
Furthermore, the ion exchange resin can also be divided into strong and weak acid cation
exchange resin, strong and weak base anion exchange resin (Barbaro & Liguori, 2008),
according to the degree of acid and alkali of the functional group. Among them, the strong acid
cation exchange resin has a large number of strong acid groups, such as the sulfonic acid (SO3H), which can be easily dissolved in solution. Meanwhile, it can dissociate H+ in an amount
equivalent to sulfuric acid and hydrochloric acid, which is therefore strong acid. Such type of
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resin can display its ion exchange function in neutral, alkaline, and even acidic media. The weak
acid cation exchange resin contains a phosphate group (-PO3H2), a carboxylic acid group (COOH), which is characterized by its easy regeneration, along with high ion exchange capacity
and better selectivity for divalent metal ions (Helfferich, 1962). In comparison, the exchange
group of the strong base anion exchange resin is a quats group. Such resin has strong dissociation,
which can also present the ion exchange function in acidic, neutral and alkaline media
(Helfferich, 1962). Finally, the exchange group of the weak base anion exchange resin includes a
tertiary amino group (-NR2), a secondary amino group (-NHR) or a primary amine group (-NH2).
Such ion exchange resin is associated with a quite low degree of dissociation in water;
nevertheless, it is featured by its easy regeneration and high exchange capacity (Helfferich,
1962). Existing resins used in the removal and recovery of NH4+ are listed in Table 2.4 below
(Mitchell et al., 2012).
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Table 2.4: A summary of the existing resins of the removal and recovery of NH4+.
Company

DOW

Purolite

Lewatit

Name

MAC-3

G-26 (H)

Amberlyst 15
Wet

C160H

MN250

S-4428

Type

Weak acid
cation

Strong acid
cation

Strong acid
cation

Strong acid
cation

-

Strong
acid cation

Functional

Carboxylic
acid

Sulphonic acid

Sulphonic acid

Sulphonic acid

-

Matrix

Styrenedivinylbenzen
e

Styrenedivinylbenzen
e

Styrenedivinylbenzen
e

Polystyrenedivinylbenzen
e

Styrenedivinylbe
nzene

Tertiary/
quaternary
amine
Styrenedivinylbenze
ne

Mean
particle
size (mm)

0.3~1.2

0.6~0.85

0.6~0.85

0.6~0.85

NA

0.5~5

Apparent
density

0.75

0.8

0.77

NA

1.04

1.02

Total
swelling
(%)
Water
content (%)

15

7

3500%

NA

NA

2000%

44~50

45~52

37

NA

NA

52~58

Min.
Capacity
(meq/mL)

3.8

2

1.7

2.3

-

1.6

Price
($)/Kg
Operating
pH range

128

36.9

210

NA

NA

NA

5~14

0~14

0~14

0~14

-

0~8

Regenerati
on rinse
flow rate
(gpm/ft2)
Regenerant

HCl (0.4~4)
H2SO4 (2~8)

0.4~4

0.5~1

NA

NA

NA

1~ 5% HCl or
0.5 ~ 0.8%
H2SO4

1~10% H2SO4
or 4~8% HCl

HC1 or H2SO4

-

-

NaOH

2.5.2.2 Selectivity of Ion Exchange
Ion exchange resin shows different affinities for different ions in the solution, which has
rendered selective adsorption. For cations, the high valent ions are usually preferentially
adsorbed, while the low valent ions are hardly adsorbed. Moreover, for ions of the same kind,
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those with larger diameter are usually strongly adsorbed. To be specific, cations are adsorbed by
the following order:
Fe3+>Al3+>Pb2+>Ca2+>Mg2+>K+>Na+>H+
The order of affinity for anion is approximate:
SO42->NO3->Cl->HCO3->OH2.5.2.3 Chemical Regeneration of Resin
The adsorption of ion exchange resin will reach the saturation state after

period.

Therefore, it is necessary to carry out regeneration at this time. Meanwhile, the chemical agents
should be adsorbed by the resin ions and other impurities should also be removed to restore the
original composition and performance. Resin regeneration should be carried out based on the
type and characteristics of resin, as well as the operation of economy. Moreover, appropriate
renewable agents and working conditions should be selected accordingly.
Additionally, regeneration of strong acid and strong alkaline resin is more difficult, which
requires much higher regenerant dose than the theoretical value. In comparison, the weak acid or
weak alkaline resin can be more easily regenerated, which only requires slightly higher
regenerant dose than the theoretical value. In addition, resin with a larger pore size and a lower
crosslinking degree is more likely to regenerate, whereas resin with a higher gel type and a
higher crosslinking property requires a longer regeneration time.
Generally, regenerants such as NaCI, H2SO4, and NaOH are used in resin regeneration
(Hedström, 2001). For instance, the softening resin is regenerated which is in Equation 4:
./ *( + 2 "(*+ à2 ."( + *(*+/

(4)

Besides, regeneration of ion exchange resin is related to many factors, among which, the
amount and concentration of regenerant, temperature and flow rate are the main factors affecting
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the regeneration process (Hedström, 2001). Firstly, a higher concentration of regenerant will give
rise to a higher degree of regeneration. However, in the presence of the constant amount of
regenerant, the volumetric flow rate of the regenerated liquid will be reduced with the increase in
concentration, along with shortened contact time with resin, and decreased regeneration effect.
Consequently, this will shorten the water cycle, and increase the frequency of regeneration as
well as the amount of acid and alkali (Cyplik et al., 2008). Therefore, reasonable control of the
regenerant concentration is needed during the production. Meanwhile, both internal and external
diffusion can be speeded up by raising the temperature of regeneration fluid. Temperature
increase allows for improving the effect of resin regeneration, which can also greatly remove
iron, copper, and its oxide, as well as silicon impurities from the resin (Miller et al., 2009).
However, the regenerant temperature of 25 to 40℃ (77- 104℉) is advisable due to the limitation
of thermal stability of resin. Finally, the flow rate of regenerant should also be controlled, so as
to ensure sufficient regeneration reaction (Miller et al., 2009). Usually, the regeneration reaction
rate depends mainly on the diffusion rate of ions, but it is also related to their valence state, and a
longer reaction time is required for a higher average valence. Fast regenerant velocity can
promote ion diffusion; however, the regeneration effect may be reduced after reducing the
contact time with resin regeneration agent. Meanwhile, an excessively low velocity is not
conducive to ion diffusion (Hedström, 2001), which will also affect the regeneration effect. The
characteristics of common types of resin are listed in Table 2.4.
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CHAPTER 3: MATERIALS AND METHODS
3.1 Materials
3.1.1 Preparation of Synthetic Urine
During the long storage time, urea in the fresh urine is hydrolyzed to ammonium (NH4+)
(Udert et al., 2003). In this study, synthetic hydrolyzed urine was used and prepared based on the
recipe from previous literature (Landry & Boyer, 2013) by adding appropriate salts to DI water
with a pH around 9. The final composition is shown in Table 3.1. Synthetic hydrolyzed urine
was prepared and stored in an amber bottle at 4 °C until it was used in experiments.
Table 3.1: The composition of hydrolyzed urine used in experiments adapted from recipe in the
literature.
Chemical

Mole weight
(g/mol)

Hydrolyzed urine
mol/L

g/L

NaCl

58.44

0.06

3.51

Na2SO4

142.04

0.015

2.13

KCl

74.55

0.045

3.35

NH4OH

35.04

0.49

16.99

NaH2PO4 as P

119.98

0.016

1.92

NH4HCO3

79.06

0.27

21.10

NH4Cl

53.49

0.073

3.90

pH ≈ 9.1
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3.1.2 Ion Exchange Adsorbents
Two ion exchange adsorbents, clinoptilolite and POPs (Appendix A.1 and Appendix A.2),
were examined in the experiments. Clinoptilolite was obtained from the St. Cloud
ZeoliteCompany (Winston, New Mexico), and it was sieved to get a particle size ranging from
0.5 to 1 mm. Furthermore, clinoptilolite was washed with deionized (DI) water and dried at
108 °C for 24 hours before experiment.
The POPs used in this study were synthesized from porous polyvinyl materials by Dr.
Ma’s research lab at University of South Florida. The synthesized POPs are highly porous, stable
to urine, and designed to include functional groups that specifically target the nutrients and hold
these nutrients using molecular interactions - forces found in nature (Aguila et al., 2017). This
adsorption process is novel in its attempts to capture nutrients, by using natural receptors grafted
onto the porous materials (Aguila et al., 2017). Their design strategies can form stable materials
in high and low pH environments and show accessible surface areas above 1000 m2/g allowing
for the nutrients to easily reach the abundant binding sites. Li et al. (2014) have previously used
POPs to remove mercury from freshwater sources. Their results with heavy metals have shown
adsorption of greater than 100 wt % in capacity, indicating their materials may adsorb more
contaminants than its own weight.
3.2 Batch Studies
All kinetic and equilibrium experiments were conducted at the bench-scale in batch and
performed on an Innova 2000 Platform Shaker at 200 rpm (Appendix A.3). Experiments were
conducted in triplicate trials in ambient laboratory temperature of 23 °C. Control samples of
synthetic hydrolyzed urine without ion exchange adsorbents (clinoptilolite or POPs) were
measured at each sample time for all batch studies. Moreover, kinetic and equilibrium tests were
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conducted with synthetic hydrolyzed urine for two ion exchange adsorbents (clinoptilolite and
POPs).
3.2.1 Kinetic Experiments
Batch kinetic tests were performed using the synthetic hydrolyzed urine at the same resin
dose to evaluate the equilibrium time. Ion exchange adsorbents were added into the synthetic
hydrolyzed urine, shaking for 5 min, 30 min, 1 hour, 2 hours, 6 hours, 1 day, and 2 days.
Clinoptilolite of 25 g was added to 50 mL synthetic hydrolyzed urine; 0.05 g POPs were added
to 5 mL synthetic hydrolyzed urine due to the limited amount of POPs.
3.2.2 Equilibrium Experiments
Batch equilibrium experiments were finished in solution and varying amounts of ion
exchange adsorbents. For achieving approximately 10% to 90% ammonium removal, the amount
of ion exchange adsorbents added to urine varied. Clinoptilolite batch equilibrium tests took six
glasses of bottles filled with 50mL hydrolyzed urine and added 5 g, 10 g, 15 g, 20 g, 25 g and 30
g clinoptilolite. POPs batch equilibrium tests took six glasses of screw thread vials filled with
5mL hydrolyzed urine and added 0.05 g, 0.1 g, 0.15 g, 0.2 g, 0.25 g and 0.3 g POPs. Samples
were mixed on a shaker table at 200 rpm for 6 h and 2 h (clinoptilolite and POPs, respectively)
so as to ensure the equilibration (based on the kinetic experiment). Samples were filtered by
0.45µm filters (Whatman® membrane) to separate ion exchange adsorbents from hydrolyzed
urine. Beyond that, all samples were measured on the same day that the test ended.
3.3 Column Studies
3.3.1 Clinoptilolite Continuous Adsorption and Regeneration Experiments
As shown in Appendix A.4, up-flow continuous adsorption experiments were conducted
in a glass column (5.68 cm diameter, 24 cm length), filled with 210 g clinoptilolite, and filled up
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with DI water (pumped at 10 mL/min first). Pumping synthetic hydrolyzed urine into the column
at the same speed, and samples were collected every 5 min at the first 2 hours, collected every 20
min at rest 4 hours, and analyzed for ammonium via ammonia analyzer. The design parameters
for clinoptilolite continuous adsorption and regeneration experiments are displayed in Table 3.2.
Once breakthrough occurred (effluent concentration is 0.05 to influent concentration),
pumping of the hydrolyzed urine was stopped, the liquid in the column was drained, and the
column was changed to the regeneration process. Similarly, all experimental conditions are same,
expect in desorption processes, 1 M NaCl was pumped for two hours and samples were collected
every 10 min. The loading and regeneration cycles were repeated for three times
3.3.2 POPs Continuous Adsorption and Regeneration Experiments
POPs have only been produced in lab-scale, so that only limited amount of POPs can be
used in the experiments. POPs column tests based on rapid small-scale column tests (RSSCTs)
method. In the RSSCT method, mathematical models are utilized to scale down the clinoptilolite
column tests to a POPs column tests and keep similar tests performance between the POPs
column and clinoptilolite column (Equation 1 and Equation 2) (Crittenden et al., 2012).
4567898:
4567;<=>?@A=<?<=AB
F898:
F;<=>?@A=<?<=AB

=
=

/,D

C898:
C;<=>?@A=<?<=AB

=

E898:
E;<=>?@A=<?<=AB

C;<=>?@A=<?<=AB

(1)
(2)

C898:

where dPOPs=diameter of particle in POPs column, mm;
d Clinoptilolite =diameter of particle in clinoptilolite column, mm;
tPOPs=time in POPs column, min; t Clinoptilolite =time in clinoptilolite column, min;
VPOPs=superficial velocity in POPs column, m/h;
V Clinoptilolite = superficial velocity in clinoptilolite column, m/h;
X= power dependency of the diffusivity.
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In this study, the equations have been used to scale down the column for POPs so that the
performance POPs column is similar to clinoptilolite column tests. Empty bed contact time
EBCT and operation time are scaled using Equation 1, scaling hydraulic loading rate using
Equation 2. In Equation 1, assuming that the intraparticle diffusivities do not change with
particle diameter, X is 0.
As shown in Appendix A.5, up-flow continuous adsorption experiments with POPs were
performed in 3 mL syringe (0.86 cm diameter, 6.5 cm length), packed with 0.05 g POPs, and
filled up with DI water (pumped at 0.37 mL/min). Hydrolyzed urine was pumped through
column at the same speed for 8.25 minutes, and samples were collected every 10 seconds for the
first 2 min, then collected every 20 seconds for the rest of 6.25 minutes, and analyzed for
ammonium via ammonia analyzer. The design parameters for POPs continuous adsorption and
regeneration experiments are displayed in the Table 3.2.
Table 3.2: The design parameters for clinoptilolite and POPs continuous adsorption and
regeneration experiments.
Design Parameters

Unit

Clinoptilolite

POPs

Bulk density

g/mL

0.8

0.28

EBCT

min

18.7

0.43

Loading rate

cm/min

0.39

2.84

Flow rate

mL/min

10

0.37

Column diameter

cm

5.68

0.86

Column length

cm

24

6.5

Mass of adsorbent

g

210

0.05

Time of adsorption min

360

8.25

Time of
regeneration

120

2.75

min
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Once breakthrough occurred (effluent concentration is 0.05 of influent concentration),
pumping of the ammonium nitrogen feed was stopped, the liquid in the column was drained, and
the column was changed to the regeneration mode. Regeneration experiments were similar to the
adsorption experiments, except that 1 M NaCl was pumped for 2.75 minutes and samples were
collected every 10 seconds. Moreover, three times loading and regeneration cycles were used.
3.4 Analytical Methods
The Timberline data acquisition software is designed to use with the TL-2800 ammonia
analyzer. The 0.1 mL samples were diluted 100 times to 10 mL for analysis to make sure that
NH4+-N concentration was less than 100 mg/L before Timeberline-2800 Ammonia & Nitrate
analyzer was used to measure NH4+-N. Before ammonia analyzer was used to measure NH4+-N,
the stock solution and 1 mg/L, 5 mg/L, 10 mg/L, 50 mg/L, 80 mg/L, and 100 mg/L calibration
standards were prepared and stored at 4 °C until it was used before tests.
Ammonia stock standard solution was prepared as a concentrated solution at 1000 mg/L
NH4+-N concentration. Accurately weigh out, to the nearest 0.001 ± 0.0005 g, dried (at 100℃)
3820.71g ammonium chloride (NH4Cl) was transferred to a 1L volumetric flask and diluted to
1000 mg/L NH4+-N. The NH4Cl was added in stock solution could be calculated as the following
Equation 3:
GHHH IJ
K

∗

MNOPQ RS
MNO

∗ 1U = VWXQ 6Y

(3)

where MWNH4Cl is the molecular weight of NH4Cl;
MWN is the molecular weight of N.
Calibration standards were prepared by diluting ammonia stock standard solutions with
DI water. These low-concentration solutions are used as calibration standard curve for ammonia
analyzer.
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3.5 Adsorption Models
3.5.1 Kinetics Models
In the adsorption studies, process kinetics describes the rate at which the species are
moved from the solution to the adsorbent surface or pores of an adsorbent. The adsorption rate
determines the time required to reach equilibrium condition. Commonly, the pseudo-first-order
kinetic model is used to describe kinetics experiment data. A kinetic model of pseudo-first order
can be given in the Equation 4 (Ho & McKay, 1999):
ZE = Z[ ∗ (1 − ] ,^_ E )

(4)

Equation 4 be rearranged for linearized data plotting as shown by Equation 5:
log Z[ − ZE = +deZ[ −

^_
/.gHg

∙i

(5)

where qe is the amount of ammonium adsorbed at equilibrium, mg NH4+-N /g;
qt is the amount of ammonium adsorbed at a time, mg NH4+-N /g;
k1 is the pseudo-first-order rate constant (1/min).
Plot log (qe-qt) v.s. time was used to determine the first-order constant k1 and equilibrium
adsorption capacity qe by linear regression (Ho & McKay, 1999). The amount of NH4+-N
sorption at time t, qt (mg NH4+-N/g), could be calculated by Equation 6:

ZE =

(jk ,jl )∙F
I

(6)

where ci is the initial concentration, mg NH4+-N /L;
ct is the concentration at time t of ammonium ion in the solution, mg NH4+-N /L;
V is the volume of the ammonium solution, L; m is the amount of adsorbent, g.
The pseudo-second-order model assumes that the adsorption rate is limited by the rate of
adsorbate diffusion in the adsorbent’s pores (Marín et al., 2009). The pseudo-second-order
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kinetic model can be expressed as Equation 7 (Ho & McKay, 1999). To fit the data obtained
from the kinetic studies, the Equation 7 can be rearranged to have a linear form as Equation 8:

ZE =
E
ml

=

mno ∙^o ∙E

(7)

G)mn ∙^o ∙E
G

^o mno

+

G
mn

i

(8)

where qe is the amount of ammonium adsorbed at equilibrium, mg NH4+-N /g;
qt is the amount of ammonium adsorbed at time t , mg NH4+-N /g;
k2 is the pseudo-second-order rate constant, g/mg min.
3.5.2 Isotherm Models
The adsorption isotherms describe the equilibrium relationships between the adsorb
amounts of ions and its equilibrium concentration in solution. Due to their simplicity and proper
fitting to experimental data, Freundlich and Langmuir models are commonly used to present the
equilibrium experiments. Moreover, these isotherm models describe the single component
adsorption, whereas the ideal adsorption theory describes the multicomponent adsorption.
As an empirical equation, the Freundlich isotherm is used to describe multilayer
adsorption with interaction among adsorbed ions (Marín et al., 2009). The Freundlich equation
can be expressed as Equation 9 (Malekian et al., 2011; Hameed et al., 2008),
_
r

Z[ = pq ∗ *[

(9)

where KF is a Freundlich constant (an indicator of adsorption capacity);
1/n is the adsorption intensity.
Besides, the value of 1/n indicates the favorability of adsorption and values n > 1 means
favorable adsorption conditions, n <1 means un favorable adsorption conditions (Huang et al.,
2010). And Equation 9 may be written in the logarithmic form as Equation 10 to get linear form
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equation, where the KF and n are determined by the value of intercept and slope of the plot, as
Equation 10:
G

+deZ[ = +depq + +de*[
s

(10)

The Langmuir model is the simple theoretical model for monolayer adsorption (Cooney,
1999). The Langmuir isotherm can be described as Equation 11:

Z[ =

mt ^u 6n

(11)

G)^u 6n

where qe is the amount adsorbed at equilibrium, mg/g;
Ce is the equilibrium concentration, mg/L;
KL is a Langmuir constant related to the binding energy of adsorption, L/mg;
qm is the saturated maximum monolayer adsorption capacity, mg/g.
The linearized equation is Equation 12, and a plot of ce/qe v.s. ce gets a straight line of
slope 1/ qm and intercept 1/(qm ·KL).
6n
mn

=

G
mt

*[ +

G
^u mt

(12)

3.5.3 Integrated Ion Exchange Regeneration Model
Many models have been used to describe the ion exchange process for wastewater
treatment. The integrated ion-exchange regeneration model developed by Zhang et al. (2014) is
the one that integrated modeling of ion exchange and resin regeneration process with
consideration of both the fixed bed and fluidized bed configuration., It can predict ion-exchange
breakthrough curve, removal and recovery efficiency, and the residual stream for multiple ion
exchange-regeneration cycles. Integrated ion-exchange regeneration model coded in MATLAB
was calibrated and validated using column experiment data so as to predict the performance of
zeolite and POPs during multiple times use.
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Material cost for different adsorbents and regeneration chemical cost were considered in
an initial analysis. Beyond that, two factors were considered to determine the adsorbent cost: ion
exchange adsorbent price (Padsorbent in USD/g ion exchange adsorbent) and adsorption capacity
was calculated by graphical integration of area above the breakthrough curve in each cycle (q1, q2
and q3 … in mg/g) from column tests or model. 1M NaCl was used in three regeneration studies,
which is 96 USD $/kg. Clinoptilolite price was estimated by full truckload shipment, from the St.
Cloud Zeolite Company, which is 215 USD $/ton. POPs price is based on the total chemical
amount used in the lab-scale synthetic process, which is 2,100 USD $/kg. The POPs price may
be difference due to the different produce scale and produce price. The current price is roughly
estimate based on the total chemical amount used. The adsorbent cost is described as Equation
13:
vWXQw =

vxCyz{|[sE ∗ VxCyz{|[sE + vWxjY ∗ VWxjY
VxCyz{|[sE ∗ Z}

where Padsorbent is ion exchange adsorbent price, USD/g;
madsorbent is the mass of adsorbent, g;
PNaCl is NaCl price, USD/g;
mNaCl is the mass of NaCl in regeneration process, g;
qi is the adsorption capacity in cycle.
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(13)

CHAPTER 4: RESULTS
4.1 Batch Studies
This section discusses the results from the batch adsorption studies. Both kinetic and
equilibrium studies and laboratory scale column studies were used to compare the NH4+
adsorption capability and rate of zeolite and POPs in hydrolyzed urine.
4.1.1 Kinetic Studies
Batch kinetic tests were conducted to determine the adsorption rate of NH4+ in the
hydrolyzed urine. All reported data are average values calculated from triplicate samples
(samples from triplicate trials). As revealed by the results, NH4+ removal increased with the
increase of contact time. Figure 4.1 shows the NH4+ concentration in hydrolyzed urine change
over time using clinoptilolite and POPs.
For clinoptilolite kinetic studies, the initial concentration of hydrolyzed urine is 7710
mg/L and clinoptilolite dose of 500 g/L. In the first 5 min to 1 h, NH4+ removal was only about
21%. Most of the NH4+ removal was achieved during 1 h to 2h of the experiment. After 6 h, the
NH4+ concentration was almost constant at 1988 mg/L, giving a removal of 74 % of initial NH4+.
Thus, rapid removal of NH4+ using clinoptilolite in hydrolyzed urine had occurred from 1 h to 2
h and the adsorption reached equilibrium at around 6 h in batch studies.
For POPs, the initial concentration of hydrolyzed urine is 7927 mg/L and POPs dose of
10 g/L. Most of the NH4+ removal was achieved from 5 min to 1 h of the experiment. After 2 h,
7.44% of initial NH4+ was removed, and equilibrium was achieved after 2 h in batch studies.
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Generally speaking, the ion exchange for NH4+ was very fast initially and then gradually
slowed until equilibrium is reached. According to the finding of Dimove et al. (1999), after a
period of experiment time, the reaction rate of ion exchange is close to zero, because fast
chemical adsorption dominates only at the initial time. Then, slow rate physical adsorption
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Figure 4.1: Batch kinetic studies of adsorption of NH4+ using clinoptilolite (a) and POPs (b) at
different mixing time.
4.1.2 Kinetic Models
Figure 4.2 shows the results of kinetic modeling of NH4+ adsorption from hydrolyzed
urine to clinoptilolite. The pseudo-first-order and pseudo-second-order models were most widely
used to evaluate the kinetic results (Ho & McKay, 1999). Parameter values for the kinetic
models are listed in Table 4.1, which are based on a clinoptilolite particle size of 0.5-1 mm. The
pseudo-second-order model was more fit to the data than pseudo-first-order model based on
large R2 value. So clinoptilolite equilibrium capacity in hydrolyzed urine is 12.21 mg/g based on
pseudo-second-order models showed.
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Figure 4.2: Pseudo-first-order model (a), pseudo-second-order model (b) of NH4+ adsorption
from hydrolyzed urine to clinoptilolite.
Figure 4.3 shows the results of kinetic modeling of NH4+ adsorption from hydrolyzed
urine to POPs. Parameter values for the kinetic models are listed in Table 4.1. The pseudosecond-order model was more fit to the data than pseudo-first-order model based on R2. So POPs
equilibrium capacity in hydrolyzed urine is 62.11 mg/g based on pseudo-second-order models
showed, which is approximately five times than clinoptilolite.
Table 4.1: Kinetic model parameter values for NH4+ adsorption to clinoptilolite and POPs.
Pseudo-first-order
q1, mg/g

k1, min-1

Pseudo-second-order
R2

q2, mg/g

k2,

R2

g/mg min
Clinoptilolite

50.86

0.0062

0.75

12.21

0.0013

0.99

POPs

127.49

0.0032

0.63

62.11

0.0016

0.99
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Figure 4.3: Pseudo-first-order model (a), pseudo-second-order model (b) of NH4+ adsorption
from hydrolyzed urine to POPs.
4.1.3 Equilibrium Studies
Batch equilibrium studies were conducted to determine the maximum adsorption capacity
of NH4+ in the synthetic hydrolyzed urine on clinoptilolite and POPs. The equilibrium studies
evaluated the effect of clinoptilolite and POPs dose on NH4+ removal in the period of 6 h and 2 h,
respectively (see Figure. 4.4 shown). All the data is the average values calculated from
triplicated samples.
Varied doses of clinoptilolite at 100 g/L, 200 g/L, 300 g/L, 400 g/L, 500 g/L and 600 g/L
(5 g, 10 g, 15 g, 20 g, 25g and 30 g, respectively in 50 mL hydrolyzed urine) with an initial NH4+
concentration of 9408 mg/L were used in the experiment. As the dose of clinoptilolite increased
from 100 g/L to 500 g/L, the removal efficiency of NH4+ significantly increased from 15% to
78%. This study showed that as the clinoptilolite dose increased, the equilibrium concentration
of NH4+ decreased, confirming that removal efficiency was higher at higher doses of the ion
exchange adsorbent. As mentioned in the literature review, similar results have also been
observed by other researchers (Blanchard et al., 1984; Nguyen & Tanner, 1998).
39

Table 4.2 summarizes the NH4+ removal efficiencies and adsorption amount at
equilibrium with the varied dose of clinoptilolite used. Beyond that, the NH4+ adsorption amount
at low dose is higher than at high dose. The reason might be because the adsorptive capacity was
not totally used at a high adsorbent dose in comparison to lower dose. The NH4+ adsorption
amount at equilibrium is between 12.26 mg/g and 14.47 mg/g.
Table 4.2: NH4+ removal efficiencies and adsorption amount with varying dose of clinoptilolite
during batch equilibrium study.
Clinoptilolite
dose (g/L)

NH4+ removal efficiency at
equilibrium (%)

NH4+ adsorption
amount, qe (mg/g)

100
200
300
400
500
600

15.37
30.47
44.63
58.35
70.40
78.19

14.47
14.33
14.00
13.72
13.24
12.26

Varied doses of POPs at 10 g/L, 20 g/L, 30 g/L, 40 g/L, 50 g/L and 6 g/L (0.05 g, 0.1 g,
0.15 g, 0.2 g, 0.25g and 0.3 g, respectively in 5 mL) with hydrolyzed urine were used in the
experiment shown in Figure 4.4. Similarly, the higher the dose of the POPs in solution, the more
NH4+ was adsorbed by POPs.
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Figure 4.4: Batch equilibrium studies of adsorption of NH4+ using clinoptilolite (a) and POPs (b)
at different dose.
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For POPs, the removal efficiency increases between 10 g/L to 60 g/L. The NH4+
adsorption amount at equilibrium is between 49.01 mg/g and 55.94 mg/g, which is 4.5 times
higher than clinoptilolite.
Table 4.3 summarizes the NH4+ removal efficiencies and adsorption amount at
equilibrium with the varied dose of POPs used. The NH4+ adsorption amount at low dose is
higher than at high dose. The reason might be because the adsorptive capacity was not totally
used at a high adsorbent dose in comparison to lower dose.
Table 4.3: NH4+ removal efficiencies and adsorption amount with varying dose of POPs during
batch equilibrium study.
POPs dose
(g/L)

NH4+ removal efficiency at
equilibrium (%)

NH4+ adsorption
amount, qe (mg/g)

10
20
30
40
50
60

7.28
13.27
20.37
26.40
33.20
38.26

55.94
50.97
52.18
51.40
51.73
49.01

4.1.4 Isotherm Models
Freundlich and Langmuir adsorption isotherms are common types of models to describe
the distribution of NH4+ between the solid phase and solution phase. The Langmuir model relies
on the assumption that constant site energy provides a constant capacity for each ion exchange
site, and it shows the relationship between inverse resin concentration and solution concentration.
The Freundlich model presents a logarithmic relationship between the resin and solution
concentrations.
Figure 4.5 and Figure 4.6 show the results for equilibrium modeling of NH4+ adsorption
on clinoptilolite and POP in hydrolyzed urine. The results use the data from Figure 4.2.
Parameter values for the isotherm models have been listed in Table 4.4. Most of the data for
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clinoptilolite and POP fit the Langmuir model better than the Freundlich model. Although both
isotherms are widely used by researchers, the Langmuir isotherm is used more frequently than
the Freundlich isotherm among those references reviewed for zeolite (Cooney et al, 1999, Green
et al, 1996, and Sakadevan & Bavor, 1998). The parameter values for the Langmuir isotherm and
Freundlich isotherm were consistent to show that POPs had the higher capacity for NH4+ in
hydrolyzed urine than clinoptilolite.
For clinoptilolite, from the Langmuir isotherm model, the experimental results indicated
the maximum adsorption capacity (qm) of 15.36 mg/g and Langmuir isotherm constant (KL) of
0.002 L/mg (Table 4.4). A dimensionless equilibrium parameter was used to determine the
adsorption efficiency using the following Equation 1 (Samatya et al. 2006):
=

1
1 + pK ∗ *H

(1)

where Co refers to the initial concentration and KL refers to the Langmuir isotherm constant.
Values of r < 1 refer to favorable adsorption and values greater than 1.0 refers to unfavorable
adsorption. The value of r is 0.16, so that the clinoptilolite showed favorable adsorption.
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Figure 4.5: Langmuir isotherm (a) and Freundlich isotherm (b) models of NH4+ adsorption from
hydrolyzed urine to clinoptilolite.
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Figure 4.6: Langmuir isotherm (a) and Freundlich isotherm (b) models of NH4+ adsorption from
hydrolyzed urine to POPs.
According to the Langmuir isotherm, the NH4+ adsorption capacities were up to 15.36
mg/g, which is lower than previously reported values (5.7 to 31.86 mg/g). This is possibly
because clinoptilolite is a natural material with variable composition. And they have different
particle sizes and regions of origin, leading to different performance.
Table 4.4: Isotherm models parameter values for NH4+ adsorption to clinoptilolite and POPs.
Langmuir isotherm

qm,

KL, L/mg

Freundlich isotherm

R2

KF,

n

R2

(mg/g)(L/mg)1/n

mg/g
Clinoptilolite

15.36

0.0020

0.99

5.24

8.73

0.93

POPs

68.03

0.00049

0.93

6.99

4.34

0.64

For POPs, from the Langmuir isotherm model, the experimental results indicated the
maximum adsorption capacity (qm) of 68.03 mg/g, which is four times higher than clinoptilolite.
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The Langmuir isotherm constant (KL) is 0.00049 L/mg (Table 4.4). The adsorption efficiency
measured as r is 0.21, so that the POPs showed favorable adsorption.
4.2 Column Studies
The batch kinetics and equilibrium studies results, which were presented in the last
section, showed that clinoptilolite and POPs had an affinity for NH4+ removal. Although batch
studies can present adsorption isotherms, NH4+ removal and recovery from hydrolyzed urine
would more closely to be implemented in continuous flow configuration. Meanwhile, three times
loading and regeneration cycles were used to test the performance in each cycle. In the next
phase of the study, three loading and regeneration cycles were completed under the same
conditions. A breakthrough curves in continuous flow columns were used to compare
clinoptilolite and POPs in practice. Breakthrough could be defined as the point when the effluent
NH4+ concentration reached 0.05 of the initial concentration.
4.2.1 Clinoptilolite Continuous Adsorption and Regeneration Experiments
Table 4.5 summarizes the important points in terms of bed volume of the column
adsorption experiments for clinoptilolite when C/Co = 0.05, C/Co = 0.5 and C/Co = 1. At C/Co =
0.05, the first breakthrough point occurs; C/Co = 0.5, the effluent concentration is half of influent
concentration; at C/Co = 1, the column is fully equilibrated and the influent and effluent’s
concentrations are equal, meaning that clinoptilolite is no longer removing any NH4+ and the
exchange capacity of the media is exhausted.
As shown in Table 4.5 and Figure 4.7, the clinoptilolite adsorption column achieved a
breakthrough of NH4+ at 1.60 BV (30 minutes) in cycle 1 and in cycle 2. The breakthrough time
of the clinoptilolite decreased to 1.07 BV (20 min) in cycle 3. After 2.41 BV (45 min) in the
cycle 1, the effluent concentration was half of the influent concentration. For cycle 2 and cycle 3,
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After 2.14 BV (40 min) the resin was half saturated, which occurred faster than in cycle 1. After
6.42 BV (120 minutes) in the cycle 1 and cycle 2, the column was fully saturated, and the full
saturation in cycle 3 also occurred faster than the first two cycles.
Table 4.5: Number of bed volume for the breakthrough curves of NH4+ removal by clinoptilolite
during three regeneration and reuse cycles.
C/Co = 1

C/Co = 0.5

C/Co = 0.05

Cycle 1

6.42 BV

2.41 BV

1.60 BV

Cycle 2

6.42 BV

2.14 BV

1.60 BV

Cycle 3

5.88 BV

2.14 BV

1.07 BV
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Figure 4.7: NH4+ breakthrough curve with clinoptilolite packed column.
The performance of the clinoptilolite packed column was assessed as chemical
regeneration repeatedly (3 cycles). Furthermore, chemical regeneration was conducted using 1 M
NaCl. The column was operated with hydrolyzed urine at a flow rate of 10 mL/min as the
loading studies. The total NH4+ adsorption capacity of 1st, 2nd and 3rd cycles were 15.11 mg/g,
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15.31 mg/g and 13.72 mg/g, respectively. As can be seen, cycle 3 has lower capacity than the
first two cycles.
According to Deng (2014), after 3 cycles, the breakthrough NH4+ uptake decreased
gradually in each cycle, and the breakthrough NH4+ uptake decreased by approximately 80%
after 24 chemical regenerations. Also, Milan et al. (2011) reported a progressive loss of cation
exchange capacity of zeolite after eight repetitive reuses, based on the breakthrough curves with
repeated use of exhausted zeolite. The breakthrough NH4+ uptake decreased by 50% after 10
times reuse and 80% after 24 times reuse of the exhausted zeolite. These results clearly show that
the exhausted zeolite should be replaced regularly to maintain a constant uptake (or service time
for NH4+ removal) in continuous zeolite columns, which would be one of the most important cost
factors in zeolite columns.
4.2.2 POPs Continuous Adsorption and Regeneration Experiments
Table 4.6 summarizes the breakthrough points in terms of bed volume of the column
adsorption experiments for POPs when C/Co = 0.05, C/Co = 0.5 and C/Co = 1. As shown by the
results, the POPs adsorption column achieved a breakthrough of NH4+ at 1.94 BV (50 seconds)
in the cycle 1, cycle 2, and cycle 3. As shown in Table 4.6 and Figure 4.8, the breakthrough time
of the POPs is same in first three cycles. After 3.10 BV (80 seconds) in each cycle, the effluent
concentration was half of the influent concentration; after 6.20 BV (160 seconds) in each cycle,
the column was fully saturated.
Table 4.6: Number of bed volume for the breakthrough curves of NH4+ removal by POPs during
three regeneration and reuse cycles.
C/Co = 1

C/Co = 0.5

C/Co = 0.05

Run 1

6.20 BV

3.10 BV

1.94 BV

Run 2

6.20 BV

3.10 BV

1.94 BV

Run 3

6.20 BV

3.10 BV

1.94 BV
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Figure 4.8: NH4+ breakthrough curve with POPs packed column.
These results are similar to the batch results. Compared with clinoptilolite, POPs had
high adsorption capacity and good performance after 3 times of reuse. More importantly, the
capacity measures during column studies were lower than during batch studies, possibly because
more NH4+ volatilization may occur during two-day batch studies, and ion exchange adsorbents
equilibrium may not be reached during the column studies.
4.2.3 Integrated Ion Exchange Regeneration Model
The constants for adsorption Langmuir isotherm were listed in Table 4.4. Same
parameters were applied in the modeling of each cycle using the integrated ion exchange
reaeration model. Note that desorption processes isotherm parameters were fitted using 1st time
regeneration data. POPs breakthrough curve for ion exchange of hydrolyzed urine from
experiment and modeling were compared in Figure 4.9. The breakthrough curves from modeling
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shown the modeling described data trend well. Comparing modeling results for first three cycles,
the breakthrough occurred faster in cycle 3 than cycle 1, probably because the regeneration
efficiency was reduced after loading and reuse. And the similar performance of column tests was
observed from experiments.
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Figure 4.9: Comparison ion exchange breakthrough curves from experiments and modeling for
multiple used POPs.
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Figure 4.9 (continued)
Comparing the breakthrough time and saturated time from modeling with experiment, for
the first two cycles, the relative difference between modeling and experiment is 0.02 to 0.17,
except breakthrough time on cycle 3, as shown in Table 4.7. For cycle 3, the relative difference
of breakthrough time is 0.48 due to lack of desorption isotherm parameters from experiments.
Adsorption and desorption can use the same model to present the results, but the isotherm
parameters are different (Tsou & Graham, 1985).
Table 4.7: Comparison of obtained from experiment and modeling.

C/C0=0.05

C/C0=1

∗ Äd =

Cycle 1
Cycle 2
Cycle 3
Cycle 1
Cycle 2
Cycle 3

Experiment
(BV)
1.94
1.94
1.94
6.20
6.20
6.20
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Model
(BV)
1.63
1.63
1
6.03
5.87
6.07

Error
0.16
0.15
0.48
0.03
0.05
0.02

For capacity, the relative difference between modeling and experiment is 0.16, 0.21 and
0.40 for cycle 1, cycle 2 and cycle 3, respectively as shown in Table 4.8. The high relative
difference on cycle 3 is possibly due to the same reason as discussed above. Overall, this model
can describe the performance of POPs in terms of recovering NH4+ from sythetic hydrolyzed
urine over multiple adsorption-desorption cycles
Based on that, the integrated ion-exchange regeneration model was used to predict the
capacity of POPs in terms of recovering NH4+ from hydrolyzed urine after 10 times cycle and 24
times cycle. The capacity of POP is 30.24 mg/g and 28.65 mg/g on cycle 10 and cycle 24
respectively as shown in Table 4.8. The regeneration efficiency of POPs is 45.4% and 38.42% in
cycle 10 and cycle 24 as shown in Table 4.8. The capacity decreased with the number of cycles,
but the capacity remained about 55.32% of virgin POPs after 24 cycles, indicating POPs can
maintain good performance after multiple reuses.
Table 4.8: Comparison of the adsorption capacity obtained from experiment and modeling, and
predict results of multiple adsorption-desorption cycles.

Cycle 1

Cycle 2

Cycle 3

Cycle10

Cycle24

Experiment

Model

Error

Capacity, mg/g

61.40

51.79

0.16

Regeneration efficiency

95.3%

91%

0.04

Capacity, mg/g

61.93

51.62

0.21

Regeneration efficiency

89.1%

90.3%

0.30

Capacity, mg/g

61.05

38.99

0.40

Regeneration efficiency

86.01%

53.8%

0.37

Capacity, mg/g

-

30.24

-

Regeneration efficiency

-

45.4%

-

Capacity, mg/g

-

28.65

-

Regeneration efficiency

-

38.4%

-
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4.3 Cost Assessment Results
Clinoptilolite and POPs adsorbent cost was determined for the adsorbent price,
adsorption capacity, and regenerant chemical cost in each time according to Equation 12 from
Chapter 3. The capacity of clinoptilolite and POPs on first three cycles was determined in the
column studies. The capacity of clinoptilolite on cycle 10 and cycle 24 based on previous results
(Deng, 2014; Milan et al., 2011). The capacity of POPs on cycle 10 and cycle 24 obtained from
integrated ion-exchange regeneration model.
If clinoptilolite and POPs are used for single time, the treatment would cost 0.29 $/kg
NH4+ and 34.46 $/kg NH4+ respectively, meaning that POPs is approximately 118 times higher
than clinoptilolite for single use (see Table 4.9). In cycle 2 and cycle 3, clinoptilolite also had
low adsorbent cost than POPs.
As mentioned by Deng (2014) and Milan et al. (2011), the NH4+ capacity decreased 50%
after 10 times of reuse, and decreased 80% after 24 times of reuse. Assuming that cycle 4 to
cycle 9 kept the same capacity as cycle 3 and cycle 11 to cycle 23 kept the same capacity as
cycle 10, the clinoptilolite cost is approximately 0.42 $/kg NH4+. However, these results clearly
show that the clinoptilolite cost increases with the use time due to high regeneration cost. For
POPs, after 10 times of reuse, the POPs cost is approximately 3.89 $/kg NH4+; after 24 times of
reuse, the POPs cost is approximately 2.48 $/kg NH4+. The POPs cost decreased significantly
with the reuse time due to its high adsorption capacity and high regeneration efficiency.
After 24 times of reuse, POPs cost is still higher than clinoptilolite cost based on
predicted regeneration efficiency. With improved regeneration efficiency, the POPs cost could
be further reduced with reuse time. Additionally, the price of POPs is 2,100 $/kg which is based
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on small-scale production. If the price of POPs can reduce to 100 $/kg, it would be competitive
to clinoptilolite with more than 10 times of reuse based on resin cost and regenerant cost.
Table 4.9: Comparison of clinoptilolite and POPs cost in single and several times use.
Cycle

Clinoptilolite
Capacity

POPs

Price ($/g)

Capacity (mg/g) Price ($/g)

(mg/g)
1

15.11

0.29

61.40b

34.46

2

15.31

0.28

61.94b

17.28

3

13.72

0.28

61.05b

11.65

10

7.55a

0.31

30.24c

3.89

24

a

0.42

c

2.48

3.02

28.65

a. Capacity is based on the Deng (2014) reported that clinoptilolite capacity decreased 50% after 10 times
cycles, and decreased 80% after 24 cycles.
b. POPs capacity on first three cycles from column experiments.
c. POPs capacity on cycle 10 and cycle 24 from integrated ion-exchange regeneration model.

Many other factors will affect the cost of adsorption and regeneration NH4+ by ion
exchange, such as materials for a reactor, the transport distances and energy, the reactor footprint,
as well as the performance of fertilizer product. Those factors were not considered in this study,
but the simple calculation in this study is useful for analyzing material cost (adsorbent and
regenerant) to treat the same amount of about NH4+.
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CHAPTER 5: CONCLUSIONS
5.1 Summary of Results
In this study, both clinoptilolite and POPs are potential adsorbents for removing and
recovering NH4+ from hydrolyzed urine on a laboratory scale by ion exchange process.
Compared with clinoptilolite, POPs is more efficient in removing NH4+ in terms of adsorption
rate and capacity. The adsorption reached equilibrium at 2h and 6h for POPs and clinoptilolite,
respectively. The rate of NH4+ removal by clinoptilolite and POPs in hydrolyzed urine can be
presented by the pseudo-second-order model, and the equilibrium of NH4+ adsorption can be
presented by the Langmuir isotherm model. Integrated ion-exchange regeneration model
developed by Zhang et al. (2014) has been used to predict NH4+ removal by POPs. The results
obtained from batch studies showed that the maximum exchange capacity of the clinoptilolite is
15.36 mg/g, and the maximum exchange capacity of the POPs is 68.03 mg/g. It is clear that
POPs has higher NH4+ adsorption capacity than clinoptilolite.
In this study, common and convenient models (Langmuir and Freundlich for equilibrium;
first-order and second-order for kinetics) were used to compare adsorption capacities and rate for
clinoptilolite and POPs. These models do not capture the actual physical and chemical processes
occurred during the ion exchange process; however, they are suitable for comparing the relative
performance of adsorbents based on estimated “apparent” adsorption capacities and rate
coefficients. Since the first objective of this study was to compare the relative performance of
clinoptilolite and POPs, these models were used in the study. The mechanism-based model,
however, should be used in future to better simulate the ion exchange process and understand the
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impact of the structural differences (e.g., different distribution of intra-particle pores) of
clinoptilolite and POPs on the performance of ion exchange.
In continuous column studies, the adsorption capacity was calculated by graphical
integration of the area above the breakthrough curves. Compared with clinoptilolite, the loss of
NH4+ adsorption capacity is minimal in POPs packed column studies. After 24 times reuse, the
NH4+ adsorption capacity decreased by 45% based on the model prediction, but it maintained
relatively high capacity. On the other hand, the clinoptilolite NH4+ adsorption capacity reduced
from cycle 3 (this experiment) and can decreased by 80% after 24 times use (literature).
5.2 Recommendations
Based on the results of this study, several recommendations have been suggested for
further studies:
•

This study has been constrained by limited amount of POPs and was conducted only for
synthetic hydrolyzed urine. For future studies, real fresh human urine and real hydrolyzed
urine can be used in experiment with relatively higher POPs dosage.

•

The modeling of adsorption-regeneration cycles of POPs was based on fitted isotherm
parameters for regeneration. In future, the isotherm study for regeneration should be
conducted to obtain better regeneration isotherm parameters.

•

The performance of POPs in different conditions should be considered, including pH,
temperature and the feed concentration.

•

When evaluating the potential for ion-exchange to remove and recover nitrogen, future
studies should consider more factors: the method to recover the NH4+ from regeneration
stream, the potential for recovering the nitrogen from source separated urine in agriculture,
location of treatment facilities, and energy cost. For example, future studies can compare
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lifecycle cost and environmental impacts of nitrogen removal and recovery using
clinoptilolite and POPs from source separated urine.
•

In the future, experiments should be scaled up from laboratory scale to full-scale, and other
types of POPs for nutrient removal and recovery should be tested.
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APPENDIX A: PHOTOGRAPHS OF EXPERIMENTAL SET-UP

Figure A.1: Photo of clinoptilolite.

Figure A.2: Photo of POPs.
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Figure A.3: Photo of Innova 2000 Platform Shaker.

Figure A.4: Photos of clinoptilolite column experiments.
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Figure A.5: Photos of POPs column experiments.

Figure A.6: Photos of TL-2800 Ammonia Analyzer.
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APPENDIX B: CALCULATE OPERATING PARAMETERS OF POPS COLUMN
STUDIES
The design parameters for clinoptilolite continuous adsorption and regeneration
experiments. The POPs column studies were to be designed assuming that the intraparticle
diffusivities do not change with particle size. The small column diameter is 0.86 cm (using 3 mL
syringe).
Table B.1: Operation parameters of clinoptilolite column studies.
Design Parameters
Bulk density
EBCT
Loading rate
Flow rate
Column diameter
Column length
Mass of adsorbent
Time of adsorption
Time of regeneration
•

Unit
g/mL
min
cm/min
mL/min
cm
cm
g
min
min

0.8
18.7
0.39
10
5.68
24
210
360
120

Calculate the EBCTPOPS :
ÄÖ*Üáàáy = ÄÖ*Ü6âäãåçéäâåâäéè ∗

êjzYÑIs,áàáy
êjzYÑIs,6âäãåçéäâåâäéè

/

= 18.7 Vîï ∗

0.86òV
5.68 òV

/

= 0.43 Vîï
•

Calculate the hydraulic loading rate:
õáàáy = õ6âäãåçéäâåâäéè ∗

êjzYÑIs,áàáy
êjzYÑIs,6âäãåçéäâåâäéè

= 0.39òV/Vîï ∗
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0.86òV
= 2.58 òV/Vîï
5.68 òV

•

Calculate the adsorption run time:
iáàáy = i6âäãåçéäâåâäéè ∗

•

êjzYÑIs,6âäãåçéäâåâäéè

= 360 Vîï ∗

0.86òV
5.68 òV

/

= 8.25 Vîï

Calculate the regeneration run time:
iáàáy,û[ = i6âäãåçéäâåâäéè,û[ ∗

•

/

êjzYÑIs,áàáy

/

êjzYÑIs,áàáy
êjzYÑIs,6âäãåçéäâåâäéè

0.86òV
= 120 Vîï ∗
5.68 òV

/

= 2.75Vîï

Calculate the bed length, flow rate and mass of POPs:
Uáàáy = õáàáy ∗ ÄÖ*Üáàáy = 2.58òV/Vîï ∗ 0.43 Vîï = 1.11 òV
üáàáy = õáàáy ∗ †áàáy

° 0.86òV
= 2.58òV/Vîï ∗ ∗
4
2

/

= 0.37VU/Vîï

Váàáy = üáàáy ∗ ÄÖ*Üáàáy ∗ ¢áàáy = 0.37VU/Vîï ∗ 0.43 Vîï ∗ 0.28e/VU = 0.05e
So the design parameters for the POPs column studies are listed in Table B.2:
Table B.2: Operation parameters of POPs column studies.
Design Parameters

Unit

Bulk density
EBCT
Loading rate
Flow rate
Column diameter
Column length
Mass of adsorbent
Time of adsorption
Time of regeneration

g/mL
min
cm/min
mL/min
cm
cm
g
min
min
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Small
Scale
0.28
0.43
2.58
0.37
0.86
6.5
0.05
8.25
2.75

APPENDIX C: INPUT INTEGRATING ION EXCHANGE AND REGENERATION
MODEL PARAMETERS
Table C.1: Integration ion exchange and regeneration model parameters.
Ion exchange

Resin regeneration

Fixed bed
0.011 m
4.3E-3 m
1.6E-7 m3
0.5

Fixed bed
0.011 m
4.3E-3 m
1.6E-7 m3
0.5

2.46E-2 m/min
0.43 min
7120 mg/L

2.46E-2 m/min
0.43 min
1 M NaCl

POPs-SO3Na
NH4+
5E-4 m
0.5
1 mL of wet settled resin
was equal to 0.28 g of dry
resin
2.6E-10 m2/s
1.5E-10 m/s

POPs-SO3Na
NH4+
5E-4m
0.5
1 mL of wet settled resin
was equal to 0.28 g of dry
resin
2.6E-10 m2/s
1.5E-10 m/s

Configuration
Configuration type
Bed length
Diameter
Bed volume (BV)
Fluidized bed voidage
(porosity)
Flow and operation condition
Superficial linear velocity
Empty bed contact time
Feed concentration
Adsorbents properties
Type
Contaminant type(s)
Resin size
Porosity
Density
Intra-particle diffusivity
External mass transfer
coefficient
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APPENDIX D: POPs BREAKTHROUGH CURVES ON FIRST THREE CYCLES FROM
MODEL

cycle 1--- ; cycle 2---; cycle 3--Figure D.1: POPs breakthrough curves from model.
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